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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ INTRODUCTION 26 Speckle based optical metrology techniques allow whole-field, non-contact and real-time 27 measurement of displacement and strain components [1] . Electronic Speckle Pattern 28
Interferometry (ESPI) is used for the measurement of displacement in the three orthogonal 29 axes, allowing the independent extraction of the two In-Plane displacement (IP) and one Of-Plane (OOP) displacement components. Electronic Speckle Pattern Shearing 31
Interferometry (ESPSI) provides a method for measuring the first spatial derivatives of 32 displacement, these being related to mechanical strain [2] [3] [4] . 33 34 Displacement and strain can be divided into their orthogonal components, the out-of-plane 35 component and the two X and Y in-plane components. If care is taken with the detail of the 36 optical configurations [4] [5] [6] , then the majority of speckle shearing interferometers can 37 discretely measure the OOP spatial derivative components. However, this is not the case for 38 discrete measurement of the in-plane spatial derivative components, where the issues are 39 more complex. In fact to a certain extent, effort has been expended to identify the disrupting 40 influences of in-plane terms and to remove them from the out-of-plane terms [7] . 41 42 Extraction of the in-plane terms is possible using aperture based designs and Fourier plane 43 analysis [8] but these systems have yet to be demonstrated as real-time instruments. 44
Extraction of the in-plane terms has also been demonstrated using sequential measurement, 45 changing illumination angles between each data set, thus making it possible to identify the in-46 plane terms [4, [9] [10] [11] . Whilst this approach does work, if the object under study exhibits time 47 varying deformation components, then the approach may not produce the correct result. Ap. directly measure in-plane strain components, but under special circumstances, such as plane 59 stress or plane strain conditions [13] . Further data [14] has suggested that the use of dual or 60 simultaneous illumination wavefronts may allow direct analysis of in-plane components for 61 arbitrary objects, but this work has not previously been developed any further. 62
63
The prediction of the result of speckle interferometers using more than one simultaneous 64 illuminating beam requires careful understanding of the manipulation of the optical properties 65 of speckle, as well as analysis of the geometry of object and image. The standard notation 66 used to describe speckle shearing interferometer output [1, 2] , reduces the expression for the 67 interference of the optical wavefronts at the observation plane, to a cosine expression that 68 contains the addition of phase delays. However, this does not take into account the relative 69 spatial correlations of the speckle patterns scattered from different incident beams or scattered 70 from different areas of the object, separated by the lateral shear. Furthermore, for a dual beam 71 system, the standard notation used for speckle shearing interferometry does not providep. If the object undergoes a static deformation, the intensity pattern registered at the image plane 156 will change accordingly. These movements of the object introduce changes in the optical 157 paths of the four wavefronts (LA, LB, RA and RB) that combine to make the image, and the 158 final image plane speckle pattern will vary.
At this stage, it is assumed that the object deformation is smaller than the average speckle 161 grain size, thus preserving issues of speckle correlation. Deformations bigger than the average 162 size of the speckle grains would introduce a loss of correlation, making very difficult to obtain 163 correlation fringe patterns. In the notation presented here, this imposed condition on the 164 amount of deformation means that the amplitude of the wavefronts at point (x,y) will be the 165 same before and after the deformation of the object, as shown in equation 8 Whilst the overall amplitude terms do not change with the movement of the object (equation 176 8), the in-plane and out-of-plane deformations will introduce phase changes which modify the 177 final speckle pattern. This is recognised when calculating the interference involving sixteen 178 different terms associated with the non-deformed and the deformed state of the object. To a 179 certain extent the complexity of this analysis has parallels to work previously completedIf an arbitrary point (x 0 ,y 0 ,z 0 ) on the object's surface performs a displacement with co-183 ordinates (u,v,w) , the displacement associated to the laterally shifted object point (x 0 +δx,y 0 ,z 0 ) 184 will be (u+δu,v+δv,w+δw) , as shown in Figure 2 . Each component of the displacement will 185 introduce a change in the optical path, as indicated in Table Error 
EXPERIMENTAL RESULTS 311
The purpose of the experimentation has been to demonstrate that the simultaneous dual 312 illumination associated with the speckle shearing interferometer, actually produces the 313 predicted moiré patterns predicted by the theory, and secondly that optical phase stepping 314 techniques can be applied to the interferometer. 315
316
The test object chosen for the experimental verification was a split cylinder test or Brazilian 317
Disk, under compressive loading. This consists of a flat disk compressed along its equator 318 and has traditionally been used with techniques such as photoelasticity or moiré 319 interferometry [19] to examine loading and deformation characteristics, although more recent 320 work has been demonstrated using holographic interferometry [20] . A 75mm diameter (6mm 321 thick) Brazilian disk was manufactured from an Araldite TM sheet, and was loaded using a 322 compressive test rig linked to a hydraulic DH-Budenburg dead-weight tester. This provided 323 forces up to 5,000N, with a precision of ±1N. 
